Adoptive transfer of T cells that express a chimeric antigen receptor (CAR) is an approved immunotherapy that may be curative for some hematological cancers. To better understand the therapeutic mechanism of action, we systematically analyzed CAR signaling in human primary T cells by mass spectrometry. When we compared the interactomes and the signaling pathways activated by distinct CAR-T cells that shared the same antigen-binding domain but differed in their intracellular domains and their in vivo antitumor efficacy, we found that only secondgeneration CARs induced the expression of a constitutively phosphorylated form of CD3 that resembled the endogenous species. This phenomenon was independent of the choice of costimulatory domains, or the hinge/ transmembrane region. Rather, it was dependent on the size of the intracellular domains. Moreover, the secondgeneration design was also associated with stronger phosphorylation of downstream secondary messengers, as evidenced by global phosphoproteome analysis. These results suggest that second-generation CARs can activate additional sources of CD3 signaling, and this may contribute to more intense signaling and superior antitumor efficacy that they display compared to third-generation CARs. Moreover, our results provide a deeper understanding of how CARs interact physically and/or functionally with endogenous T cell molecules, which will inform the development of novel optimized immune receptors.
INTRODUCTION
Chimeric antigen receptor (CAR)-T cell therapies, such as Kymriah (CTL019, tisagenlecleucel) and Yescarta (axicabtagene ciloleucel), can successfully treat B cell malignancies. Because these products are approved by the U.S. Food and Drug Administration and by European regulatory agencies, there may be widespread implementation of this therapeutic modality. Thus, it is necessary to fully understand the mechanism of action of these biological therapies.
CARs are synthetic immune receptors introduced in T lymphocytes through gene engineering, which detect tumor-associated antigens and stimulate T cell activation to destroy target tumor cells (1) . To emulate the function of endogenous T cell receptors (TCRs), CARs use antigen-recognition domains derived from an antibody or other proteins with specificity for the target (2, 3) linked to a structural membrane-anchoring domain and a cytoplasmic tail that contains a T cell activation domain derived from CD3 (1) . Originally known as T bodies almost 30 years ago (4) , CARs now include costimulatory domains that allow for enhanced in vivo persistence and antitumor efficacy (5) .
Optimization of CAR design has been largely focused on the choice (and number) of costimulatory moieties that promote superior T cell function and persistence (1, 6, 7) . CAR variations that contain CD27-derived (8), OX40-derived (9), CD28-derived (10), 4-1BB-derived (11) , or ICOS-derived (12) costimulatory sequences display mixed performance. Duong and collaborators suggest that mixing and matching multiple costimulatory domains using combinatorial libraries (13) may provide an additive improvement of CAR-T cell function. However, direct comparison of the efficacy of CAR constructs targeting prostate stem cell antigen (PSCA) indicates that a second-generation CAR containing the CD28 costimulation domain is more effective than a third-generation CAR, which contains both CD28 and 4-1BB domains (14) . Thus, the effect of each additional signaling module is not additive and, in fact, can be detrimental. Beyond the costimulatory moieties, a handful of studies have focused on the optimization of the structural domains of the receptor, such as the length of the membrane-anchoring domains (15) . In addition, CARs that contain a CD8-derived transmembrane domain induce less activation-induced cell death of T cells than an equivalent CAR that contains a CD28-derived transmembrane domain (16) .
CARs are thought to remain inactive, until they engage their cognate ligand. After ligation, they are assumed to signal linearly, recapitulating the activation of endogenous CD3 and CD28 pathways in T cells. Considering the fact that the endogenous CD3 and CD28 receptors are spatially and temporarily segregated (17) , but are fused together and activated simultaneously when part of a CAR, it is plausible that the nature of the downstream event will be different in the two different scenarios. A detailed understanding of the 2 of 15 molecular mechanism of action of CARs, including well-defined structure-function relationships, is essential for the development of novel and superior CAR-T cell therapies.
In the present study, we used immunoproteomics to characterize the proteins that interacted with CARs and participated in CAR-T cell signaling. Our data provide a system-level assessment of the CAR interactome in steady-state conditions and a global analysis of the phosphorylation events that take place after CAR-T cell activation. Unlike previous reports (18, 19) , we found that the length of the CAR endodomains determined their ability to interact with endogenous signaling molecules. This observation may explain why some CARs promote ligand-independent tonic signaling, which has been associated with premature loss of function (20) , and differences between CARs in the initiation and amplification of T cell activation. To maximize the clinical relevance, this work was conducted entirely on human primary T cells transduced with CARs targeting PSCA, a surface protein overexpressed in multiple cancers including pancreatic (21) , bladder (22) , prostate, and lung (23, 24) tumors. An ongoing clinical trial is testing the safety of a similar anti-PSCA CAR (NCT02744287). Thus, as we move toward the clinical implementation of synthetic immunology products, these data may aid in the design of next-generation CARs and combination therapies (25) .
RESULTS

CAR expression promotes antigen-independent T cell activation
Our data indicate that a PSCA-specific second-generation CAR, which contains the CD28 transmembrane and costimulatory domains linked to CD3 (28t28Z), has superior antitumor capacity than a thirdgeneration CAR of the same antigen specificity that contains the CD8 transmembrane sequence linked to both the CD28 and 4-1BB costimulatory domains and CD3 (8t28BBZ) (14) . To better understand how these CAR designs influence T cell activation, we conducted a whole-transcriptome analysis on CD8 + PSCA-specific CAR-T cells or green fluorescent protein (GFP)-transduced controls before and 30 days after adoptive transfer into NOD.Cg-Prkdc scid il2rg tm1Wjl SzJ (NSG) mice with palpable subcutaneous HPAC pancreatic tumors ( Fig. 1A and fig. S1A ). Principal components analysis (PCA) showed major differences in gene expression profiles of preinfusion samples, whereas postinfusion samples from different groups overlapped substantially (Fig. 1B) . Although the preinfusion groups formed welldefined hierarchical clusters based on gene expression, postinfusion samples were separated from the preinfusion group but did not segregate on the basis of the transgene that they expressed (Fig. 1C) . We observed that multiple immune inhibitory receptors were differentially expressed between pre-and postinfusion CAR-T cells. The expression of PD-1 was increased in postinfusion samples when compared to preinfusion cells ( fig. S1 , B and C), which recapitulates the results observed in patients treated with TCR-transgenic T cells (26) . Similarly, TIGIT expression was also increased in postinfusion CAR-T samples, whereas Tim-3 (also HAVCR) was decreased and there was no difference in the expression of CTLA4 ( fig. S1 , B and C). However, the preinfusion PSCA-specific 28t28Z and 8t28BBZ CAR-T cells expressed slightly more CTLA4 and TIGIT than the GFP-transduced controls ( fig. S1 , B and C). In addition, gene set enrichment analysis identified that multiple canonical pathways relevant to T cell function were differentially expressed between CAR-T cells and GFP-transduced controls, including interleukin-4 (IL-4) signaling, TCR signaling, Janus kinase (JAK)/signal transducer and activator of transcription (STAT) signaling (activated), nuclear factor B signaling (inhibited), phosphatidylinositol 3-kinase/AKT signaling (activated), among others ( fig. S1D ). These data suggest that CAR-T cells display gene expression signatures consistent with T cell activation. To confirm these findings, we transduced bulk T cells (CD8 and CD4) with GFP or a PSCA-specific 28t28Z or 8t28BBZ CAR and assessed the expression of CD25 and CD69 after 12 days. We found that CD8 + CARtransduced T cells increased the abundance of both of these activation markers more than GFP-transduced control T cells (Fig. 1D) . Moreover, T cells that expressed the CAR construct had more CD69 and CD25 that CAR-negative T cells present in the same culture ( fig. S2A ). Similar results were observed for CD4 + cells ( fig. S2 , B and C). These data suggest that CAR expression promotes strong T cell activation, even in the absence of further stimulation.
On the basis of these results, we cannot attribute the differences in antitumor performance observed for PSCA-28t28Z and PSCA8t28BBZ to the in vivo acquisition of any specific transcriptional program, or to the up-regulation of specific inhibitory receptors. This may be, in part, due to the fact that T cells were analyzed 30 days after adoptive transfer, and any change in their transcriptome may be masked by the influence of host tissues. However, those functional differences could be associated with the notable differences in gene expression patterns observed before adoptive cell transfer. We found that a total of 1576 genes were differentially expressed between PSCA-specific 28t28Z CAR-T cells and GFP-transduced controls (Fig. 1E) . Similarly, we found that 524 genes were differentially expressed between PSCA-specific 8t28BBZ CAR-T cells and GFPtransduced controls. Of those, 424 genes were differentially expressed in both CAR-T cell groups, compared to the GFP-transduced controls. Gene set enrichment analyses showed that genes involved in IL-2 and STAT5 signaling were altered in all comparisons (Fig. 1E  and fig. S2E ). In addition, cells that expressed either CAR proliferated more in the absence of further stimulation than GFP-transduced controls or CAR-negative cells in the same culture ( Fig. 1F and  fig. S2D ). Together, these results suggest the expression of a CAR in human T cells can induce marked changes in gene expression profiles, proliferation patterns, and activation status (even in the absence of antigen recognition), which are associated with differences in their in vivo antitumor capacity.
Immuno-mass spectrometry identifies candidate CAR interaction partners
Because the PSCA-specific CARs use the identical single-chain fragment hinge (scFv) antibody domains for target recognition, we reasoned that the differences we observed in CAR-T cell activation may depend on the CAR endodomains and the interacting proteins, which influence their signaling properties. To identify the signaling molecules that interact with distinct CARs in steady state, we directly immunoprecipitated PSCA-specific 28t28Z or 8t28BBZ CARs using protein L beads (27) , which binds to the  light chain of the CAR scFv, from lysates of CAR-T cells or GFP controls 14 days after transduction. We then analyzed the immune complexes by liquid chromatography-tandem mass spectrometry (LC-MS/MS), and the identified peptides were mapped to their protein of origin and quantified ( Fig. 2A) . We identified peptides from a total of 6293 different proteins, which were used as the reference population for enrichment analyses. The 253 potential CAR interaction partners were defined on the basis of differential abundance between samples expressing
of 15
CAR and GFP-transduced cells (table S1 and fig. S3A ). Within this population, 15 canonical pathways were significantly enriched, including some with a major involvement in T cell function, such as agranulocyte adhesion and diapedesis, calcium signaling, actin cytoskeleton signaling, T helper cell differentiation, integrin-linked signaling, and T H 2 pathway, among others (Fig. 2B) . We further focused on the top 34 candidates ranked by SaintScore, which incorporates topological properties of protein-protein interactions, that were more abundant in the immunoprecipitates of either group of CAR-T cells ( Table 1 ). The abundance fold change of the identified candidates in CAR-T cells compared to GFP controls (Y axis) correlated to their normalized spectral abundance factor (X axis) (28) , which discerned between proteins found in apparent high abundance due to their physical size (yielding more peptides detectable by MS) from those that were actually highly represented (Fig. 2C) .
Among the most abundant proteins associated with PSCA-specific CARs, we found CD3 (CD247) and CD28 in samples from both 28t28Z and 8t28BBZ CAR-T cells, SCGN, and BTNL3 primarily in 28t28Z CAR-T cells and CASD1 only in 8t28BBZ CAR-T cells. We validated some of the potential CAR interaction partners identified by MS. BTNL3, for instance, was found in association with PSCA-specific 28t28Z CARs, but not 8t28BBZ CARs by Western blot (fig. S4A ). We also found that the membrane expression of IL2RB (also CD122) was increased in secondgeneration CAR-T cells using flow cytometry ( fig. S4B ). In addition, we found that the differences in CAR interactomes cannot be attributed to differences in differentiation state or different ratios of CD4/ CD8 cells in the cultures because they were uniform among samples ( fig. S4 , C and D). These results suggest that the specific signaling domains of a CAR may influence, and be influenced by, a complex network of proteins that exceeds the secondary messengers downstream of CD3, which they were designed to activate upon antigen recognition.
Second-generation CARs associate with an additional CD3-containing protein
We were not surprised to find CD3 in high abundance when we immunoprecipitated cell surface CARs from CAR-T cells because it was integrated into both CARs. However, we unexpectedly found that CD3 (also CD247) was 3.4 times more abundant in association with PSCA-specific secondgeneration 28t28Z CAR than with thirdgeneration 8t28BBZ CAR, despite the comparable amount of CAR on the cell surface (Fig. 3, A and B) . This difference was only partially explained by differences in the abundance of immunoprecipitated CAR scFv, which was 1.5-fold more abundant in MS data from 28t28Z CAR-T cells than 8t28BBZ CAR-T cells ( fig. S3B ). These data suggested that an additional source of CD3 may associate with the CARs in a domain-specific manner. When we analyzed the presence of CD3 by Western blot in lysates from control and PSCAspecific CAR-T cells, we found that only 28t28Z CAR-T cells contained a band that ran slightly over 20 kDa, which we called CD3p21 (Fig. 3C and fig. S3C ). In contrast, all primary human T cells contained a band corresponding to the endogenous CD3 monomer (about 16 kDa), and we detected a higher molecular weight (between 55 and 75 kDa) band that corresponded to either the 28t28Z or 8t28BBZ PSCA-specific CARs themselves. When the CAR scFv was immunoprecipitated, CD3p21 was also detected. We also observed the CD3p21 band in Jurkat J.RT3-T3.5 cells transduced with PSCAspecific 28t28Z CAR ( fig. S5A ). In these cells, we also detected pZAP70, which suggested that this CAR stimulated spontaneous signaling. These data agree with our gene expression results, indicating that secondgeneration CARs spontaneously activated TCR signaling pathways ( Fig. 1E and fig. S1D ). Because 28t28Z and 8t28BBZ CARs differed in their hinge/ transmembrane domain and costimulatory domains, we modified PSCA-specific CARs to contain distinct combinations of these elements to interrogate whether any of those specific elements promoted CAR interaction with CD3p21 (Fig. 3D) . We generated modified second-generation CARs that contained a hinge/transmembrane domain derived from CD8 and a single costimulatory domain derived from either CD28 (8t28Z) or 4-1BB (8tBBZ). We also generated a modified third-generation CAR that contained a hinge/transmembrane domain derived from CD28 and the CD28 and 4-1BB costimulatory domains (28t28BBZ). We found that CD3p21 coimmunoprecipitated with all second-generation CARs, regardless of their hinge/transmembrane domains ( 
Second-generation CARs induce expression of a constitutively phosphorylated form of CD3
In activated T cells, phosphorylated CD3 runs at an apparent molecular weight of 21 to 23 kDa, similar to CD3p21 (29) (30) (31) (32) . Therefore, we evaluated the phosphorylation status of CD3 in CAR-T cells by Western blot with phosphospecific antibodies for CD3-Tyr 142 , which is present in the third immunoreceptor tyrosine activation motif of CD3. We found that the five versions of PSCA-specific CARs (28t28Z, 8t28BBZ, 8t28Z, 28t28BBZ, and 8tBBZ) were phosphorylated in the Tyr 142 residue of CARbound CD3, in the absence of antigenic stimulation (Fig. 4A ). However, only T cells expressing the second-generation CARs had a smaller band detected by the anti-CD3-Tyr 142 antibody. This phosphorylated species of CD3 immunoprecipitated with the second-generation CARs, which suggested that they physically interacted (Fig. 4 , B and C). We also detected phosphorylation of the CARs themselves at CD3-Tyr 72 ( Fig. 4A ), but we did not find CD3p21 phosphorylated at this site ( fig. S5B ).
We also used MS to analyze the phosphorylation status of CD3 immunoprecipitated from PSCA-specific 8tBBZ CAR-T cells after resolution of the 20-to 25-kDa species by SDSpolyacrylamide gel electrophoresis (SDS-PAGE). We found that CD3 of this size were phosphorylated at Tyr 142 and also in Tyr 123 in 8tBBZ CAR-T cells (Fig. 4D ). MS/MS spectra corresponding to the unphosphorylated peptides encompassing Tyr 142 and Tyr 123 are shown for reference ( fig. S5C ).
To test whether the association with CD3p21 and the induction of spontaneous CD3-Tyr 142 phosphorylation were an exclusive feature of PSCA-specific CARs, we analyzed the CD3 association with Her2/Neu-specific CARs of various formats. Again, we found that only second-generation 28t28Z or 8t28Z CARs associated with CD3p21 ( fig. S6A ), which was associated with increased phosphorylation of CD3-Tyr 142 when compared to the third-generation 8t28BBZ CAR, as measured by flow cytometry ( fig. S6B ). We also tested CD3p21 association with a CD19-specific CAR (FMC63-28Z (33)) used in several clinical trials (34, 35) . Similarly, we observed that CD3p21 also interacted with this second-generation CD19-sepcific CAR, which was phosphorylated at CD3-Tyr 142 ( fig. S6C ). Collectively, these results indicate that second-generation CARs promote CD3p21 expression and CAR association regardless of antigen specificity. Thus, second-generation CARs may induce tonic signaling through both autophosphorylation of the CARs CD3 moiety and constitutive activation of a separate CD3 species. 
An extension of 24 amino acids in the CAR endodomain prevents the expression of CD3p21
We further examined to what extent the total size of the CAR intracellular domain influenced the appearance of the CD3p21 isoform.
To do so, we replaced the 4-1BB costimulatory domain of the PSCAspecific third-generation 8t28BBZ CAR with a spacer of about the same size that consisted of three repeats of the (G4S) 3 linker [8t28(G4S) 3 Z]. We found that neither 8t28BBZ nor 8t28(G4S) 3 Z CARs increased the abundance of CD3p21 ( fig. S6D ). These data indicated that the presence of the specific 4-1BB domain sequence in the original third-generation CAR was not responsible for its lack of effect on the appearance of CD3p21. We also generated an extended version of the PSCA-specific second-generation 8t28Z CAR by adding 24 additional amino acids from the C terminus of CD8 in between the CD8 transmembrane domain and the CD28 costimulatory domain [8t(+24)28Z]. Although the surface expression of PSCA-specific 8t28Z and 8t(+24)28Z CARs were comparable (Fig. 5A ),
we found that this modification reduced the abundance of CD3p21 and interaction of the CAR with CD3p21 (Fig. 5 , B and C). Similarly, this modification also reduced the pCD3-Tyr 142 detected by flow cytometry when compared to PSCA-specific 8t28Z CAR-T cells ( fig. S6E) . Extension of the second-generation CAR also reduced the amount of interferon- (IFN-) produced when cocultured with PSCA + HPAC cells compared to the parental PSCA-8t28Z CAR (Fig. 5D) . These results suggest that the length of the CAR intracellular signaling domains regulates its interaction with CD3p21, which augments CAR-T cell function.
Second-generation CARs promote stronger TCR signaling than third-generation CARs
In an attempt to understand how CD3p21 association influences CAR-T cell signaling, and to characterize the signaling properties of second-and third-generation CARs, we analyzed the phosphorylation events that take place after CAR engagement, by stable isotope labeling by amino acids in cell culture (SILAC) MS (36) . We cocultured PSCAspecific CAR-T cells with heavy carbon isotope ( 13 C 6 )-labeled tumor cells that express PSCA ( Fig. 6A ). This method facilitated a more realistic activation of CAR-T cells than antigen immobilized on plastic or other inert support, which may not reflect the antigenic density found on mammalian cells and lacks contribution from other membrane interactions, such as adhesion molecules. Labeling of tumor cells allowed us to discriminate, through post hoc analyses, the MS signals corresponding to the T cells from those corresponding to the tumor cells. We analyzed tryptic digests of lysates from PSCA-specific 28t28Z and 8t28BBZ CAR-T cells or GFP-transduced controls 1 hour after exposure to PSCA + HPAC cells that were immunoprecipitated for pTyr. We identified 40 individual pTyr events in immunoprecipitates and 751 individual pSer or pThr events in the flow-through. Among those, the abundance of 40 phosphopeptides (20 pY and 20 pS/pT) was statistically significantly different when comparing the CAR-T cells and the GFP control cells. Network-wide analysis of the integrated interactome and phosphoproteome revealed cross-talking functional modules including TCR signaling, cell cycle, and the CAR interactome ( fig. S7 ). Several canonical pathways were overrepresented within the group of differentially phosphorylated proteins, including TCR signaling, protein kinase C (PKC) signaling, actin cytoskeleton signaling, and glycolysis, among others (Fig. 6B and figs. S8 and S9) .
Differences in phosphorylation between CAR-T cells and GFPtransduced controls were consistently greater in magnitude in the second-generation 28t28Z CAR-T cells than in third-generation to the endogenous CD3 p16 (red) or CD3-CAR p55/p75 (blue) are data with means ± SD from all experiments (F). **P < 0.01, ***P < 0.001, ****P < 0.0001 by Friedman test with Dunn's correction. ns, not significant. 8t28BBZ CAR-T cells. For instance, the TCR signaling proteins CD3, CD28, ZAP70, and LCK were phosphorylated more in 28t28Z CAR-T cells than in 8t28BBZ CAR-T cells or GFP controls (Fig. 6C) fig. S11 ). In contrast, we found that PAG1 was hypophosphorylated in PSCAspecific 28t28Z CAR-T cells when compared to GFP-transduced controls, whereas its phosphorylation in PSCA-8t28BBZ CAR-T cells was not statistically significantly different from the controls. In addition, we found that the phosphorylation of GRAP2 was increased in PSCA-specific 8t28BBZ CAR-T cells when compared to GFPtransduced controls or 28t28Z CAR-T cells. The observation of more intense CAR-triggered changes in second-generation CAR-T cells compared to third-generation counterparts was consistent across the board, as illustrated for the glycolysis, STAT3, and actin cytoskeleton signaling pathways ( fig. S9 ). Together, this shows a concordance between the ability of second-generation CARs to interact with additional species of CD3 and superior CAR-triggered signaling.
DISCUSSION
The implementation of CAR-T cell therapies as a standard treatment highlights the need for a deeper understanding of their mechanism of action. Given the synthetic nature of CARs, and the extensive manipulation that T cells undergo during the manufacturing process, it is plausible that their biochemical activation pathways may be radically different from those of naturally occurring T cells. We first noticed a drastic change in gene expression profiles of T cells transduced with CARs, compared to GFP-transduced counterparts, in a gene expression study. This was indicative of signaling delivered by CARs, even in the absence of antigen recognition. This phenomenon has been termed "tonic signaling," and is typically associated with poor in vivo persistence of CAR-T cells (15, 20, 37) . To dissect the molecular nature of this signaling, we conducted a comprehensive characterization of the molecules that coimmunoprecipitate with CARs.
We reasoned that molecules present in the vicinity of CARs were more likely to interact, physically or functionally, with them and that those interactions may explain some of the changes in gene expression that we observed. To that end, we used immunoprecipitation followed by MS to get an unbiased view of the proteins that interacted with CARs that contained distinct costimulatory domains. The choice of the pull-down reagent was not trivial. Our group has streamlined pull-down strategies based on the use of C-terminal tags in the receptor tyrosine kinase of interest (38) . However, for the present study, we decided to undertake a different approach: We chose to not use any tag, to minimize any biological or biophysical alteration that may introduce technical artifacts and hamper the translational relevance of our results. Moreover, we chose a reagent that binds to the ectodomain of the receptor, instead of the C terminus, to guarantee that the complexes formed in the CAR endodomains remained unperturbed. Last, we used a reagent that can bind any CAR, as long as it contains a  light chain. The versatility contributed by this last aspect allowed for the comparative analysis of CARs containing different antigen-binding domains, using a single reagent. This would be extremely challenging if an anti-idiotype, or any other scFv-specific, reagent were used, because the affinity of each CAR/pull-down reagent would be different, resulting in an additional experimental variable. To minimize potential false positives arising from nonspecific binding of Protein L to other antibodies, we washed the cells exhaustively before their lysis, and we incorporated a background control of CARnegative, GFP-expressing T cells. In addition, we filtered the data based on public databases of common contaminants. Using this immunoproteomic approach, we detected a wide variety of candidate interaction partners, some of which were exclusive to a second-or a third-generation design. For instance, BTNL3 immunoprecipitated only with the second-generation CAR. This butyrophilin-like protein, member of the B7-family, has been implicated in the stimulation of certain subsets of / T cells in the human gut (39) . Moreover, a genomic deletion resulting in the expression of a BTNL3-BTNL8 fusion protein induced a broad deregulation in the expression of genes relevant to immune function (40) . The main limitation of this approach is that it cannot discriminate between direct and indirect interactants. Thus, it is possible that many of the candidate interaction partners identified in this study were not directly bound to the CAR, but rather associated as part of a multiprotein complex. To confirm direct protein-protein interactions, a high-resolution method, such as fluorescence resonance energy transfer ((41)), would be needed. However, this technique requires the use of fluorescent tags, which may alter the folding and interaction properties of CARs.
We specifically chose to study the 28t28Z design (as a model of second-generation CAR) and the 8t28BBZ design (as a model of thirdgeneration CAR) because of their clinical relevance. The 28t28Z design is the same as what Kochenderfer et al. (33) (34) (35) described in their pioneering work on anti-CD19 CARs, which is currently commercialized as Yescarta, and in other clinical trials at the National Cancer Institute (clinicaltrials.gov, NCT01583686). The thirdgeneration 8t28BBZ design is currently being tested in a clinical trial for gliomas, in the form of an anti-EGFRvIII CAR (clinicaltrials.gov, NCT01454596). A comparison of the preclinical performance of these CAR designs is also part of the subject of a study focused on anti-Her2/neu CAR-T cells (42) . Further studies will be required to determine which of the CAR interaction partners that we identified are specific to the second-or third-generation CARs designed with different transmembrane and costimulatory domains. However, we confirmed that one of the most abundant CAR interaction partners was a CD3-containing protein. We found that CD3p21, of slightly greater molecular weight than the endogenous protein, was induced exclusively by expression of secondgeneration CARs, independently of the transmembrane domain sequence. Moreover, this CD3 protein appeared to be spontaneously phosphorylated. First seen by Bridgeman and collaborators (18) , endogenous TCR molecules interact with CARs containing a CD3-derived transmembrane domain. In that setting, the CAR-CD3 interaction directly associates through a cystine-mediated interchain disulfide bond at position 32 within CD3. This disulfide bond is responsible for the homodimerization of the endogenous CD3 molecules but was not present in any of the CARs that we tested. As a consequence, any interaction between CARs and CD3 would have to be established through an alternative residue. Our results also showed that structural properties of the CAR, such as length of the intracellular tail, were key for the establishment of tonic signaling through CD3 species other than the CAR itself. Although 4-1BB-derived costimulatory signaling moiety protects CAR-T cells from the deleterious effects of tonic signaling (20) , our results showed that 4-1BB does not prevent spontaneous phosphorylation of the CD3 domain built into the CAR, or phosphorylation of CD3p21. In addition, Tyr 123 phosphorylation in CD3p21 appears to be relevant in CAR-T cells expressing PSCA-specific 8tBBZ CAR-T cells. Although we cannot rule out the possibility that the cell surface density of the CAR affects its interaction with CD3p21, our results indicated that this is not the only determining factor.
We also demonstrated that the second-generation PSCA-specific 28t28Z CAR stimulated more intense signaling after antigen recognition than its third-generation 8t28BBZ counterpart. To test this, we used a variation of the SILAC method (36) . Similar studies using SILAC in Jurkat cells have identified novel TCR-responsive phosphorylation events (43) and mapped the early (5 to 60 s) tyrosine phosphorylation events downstream of TCR activation (44) . Similarly, SILAC on both Jurkat cells and TCR-transgenic mouse T cells indicates that histone deacetylases have a role TCR-stimulated serine/ threonine phosphorylation (45) . In the present study, we performed an exhaustive characterization of the CAR signalosome, focusing exclusively on human primary T cells. This was a conscious decision, in an attempt to maximize the clinical relevance of our findings and to avoid any species-specific artifact. The choice of a mixed culture system provided realistic antigen stimulation, where the density of PSCA expression resembled that of a real tumor. This experimental design avoided the potential pitfalls of lacking correct target and immune receptor densities (46) . After data acquisition and analysis, we were able to identify 791 phosphorylation events, of which 40 were linked to CAR activity. Several pathways were overrepresented within these CAR-induced phosphorylation events, including TCR, CD28, PKC, STAT3, IL-2, cytokine, and chemokine signaling, among others. Glycolysis and cytoskeleton signaling were also overrepresented. The phosphorylation of ENO1, TPI1, and PKM glycolytic kinases, which are relevant at different stages of the glycolytic pathway, was increased in PSCA-specific second-generation 28t28Z CAR-T cells when compared to GFP-transduced T cells. These data suggest that 28t28Z CARs promote superior activation of glycolysis after CAR stimulation, which may favor an effector memory phenotype (6) . In addition, ACTG, FLNA, and RRAS2, which are involved in actin cytoskeleton signaling, were differentially phosphorylated in PSCA-specific CAR-T cells. Actin cytoskeleton signaling is crucial for T cell homeostasis and function, in particular for processes that involve active modification of the plasma membrane. RRAS2 has been involved in TCR homeostatic signaling (47) , and in internalization of the TCR from the immunological synapse (48), thus linking TCR and cytoskeleton signaling pathways. FLNA, or filamin A, induces cytoskeletal rearrangement (49) and accumulation of lipid rafts at the immunological synapse (50) 209 is involved in production of IL-2 and T cell proliferation (49) . We found that CD28 pTyr 191 was 10-fold more abundant than CD28 pTyr 209 . In addition, strong CD28 pTyr 218 was observed. Although the functional relevance of this phosphosite has not been characterized, given its location at the very C terminus of wild-type CD28, it is possible that the accessibility of kinases to this site may be affected by the presence of a fused CD3 domain in the CAR-bound CD28. Last, we also detected antigen-induced phosphorylation of CD28 pTyr 206 . Phosphorylation of this site is also poorly characterized in terms of its functional relevance, and further studies will be needed to elucidate its implications for CAR signaling. These findings highlighted one of the advantages of undertaking a system-level approach, as opposed to a more targeted strategy, where these new sites of phosphorylation of the CD28 moiety would have been missed. We found that STAT3 was phosphorylated at Tyr 705 in CAR-T cells and interacted with the CAR itself. In addition, the phosphorylation of two other members of the STAT3 canonical pathway was increased in CAR-T cells as well: RRAS2 and MAPK14 (p38). These data suggest that 28t28Z CAR activates STAT3, potentially through CD28-mediated recruitment of LCK (51) , and this trait may be relevant to the superior therapeutic efficacy of the 28t28Z CAR (52, 53) .
Our data indicated that second-generation CARs activated the signaling pathways analyzed more potently than their third-generation counterparts, in contrast to previous reports (54) . Although lower signaling potency has been associated with increased CD19-specific CAR-T cell antitumor efficacy (55), our results show that the PSCAspecific 28t28Z CAR that stimulates strong signaling outperforms a 8t28BBZ CAR counterpart, which displays qualitatively comparable, but quantitatively weaker signal intesnsity (14) . This discrepancy may B) is representative of the analysis of three biological replicates. Abundance data on selected phosphopeptides relevant to TCR signaling in PSCA-28t28Z (red), PSCA-8t28BBZ (blue), or control CAR-T cells (black) and means ± SEM are from all samples. *P < 0.05, **P < 0.01, and ***P < 0.001 by t test. GM-CSF, granulocyte-macrophage colony-stimulating factor.
indicate that the findings reported by Salter et al. are not universal, but rather specific to either the anti-CD19 CAR or the treatment of B cell malignancies. We theorize that the ability of second-generation CARs to engage additional species of CD3 in a supramolecular signaling complex may contribute to their superior antitumor capacity. This model is compatible with the results described by Bridgeman and collaborators (19) , showing that certain CARs can mediate signaling through the endogenous CD3, suggesting that a functional interaction occurs in addition to the physical interaction. We cannot rule out the possibility that, in some of the phosphosites identified by SILAC, there was an underlying difference in the basal phosphorylation among CAR-T cells and control cells. However, the uniform basal phosphorylation of LCK suggests that the differences in phosphorylation of TCR signaling-related proteins following coculture were antigen-driven. Further studies will be required to determine to what extent this effect will be functionally relevant in CARs containing different scFvs. For instance, CARs containing scFvs with a tendency to aggregate (20) may be affected differently by their interaction with other CD3 species than CARs that do not aggregate.
Overall, our results show that the notion of a linear signaling cascade downstream of CAR activation is, at least, incomplete. The challenge for the upcoming years is to fully understand the biology of CAR signaling, to have complete control on the molecular events triggered by these synthetic receptors. The modular nature of CARs allows for the integration of multiple signaling pathways and the implementation of intricate strategies to control signaling (56, 57) . Understanding the dynamics of CAR-stimulated phosphorylation events as a function of the structural design of these immune receptors will facilitate the future design of customized artificial phospho-circuits (58) tailored to any desired biological output. We foresee a next generation of CARs that may include specific docking sites for kinases that support tonic signaling and persistence, without causing premature exhaustion. Moreover, we speculate that future CARs may serve as a hub to integrate multiple sensing and signaling functions, including activation, migration, metabolism, and differentiation of T cells.
MATERIALS AND METHODS
Cell lines and human peripheral blood T cells
HPAC and H2110 cells were obtained from the American Type Culture Collection (Manassas, VA) and cultured as recommended. Human primary T cells were obtained from deidentified buffy coats (OneBlood, Florida Blood Services, FL), stimulated ex vivo as previously described (42) .
Gene expression analyses
One hundred nanograms of total RNA was amplified and labeled with biotin using the Ambion Message Amp Premier RNA Amplification Kit (Thermo Fisher Scientific, Waltham, MA) following the manufacturer's protocol initially described by Van Gelder et al. (59) . Hybridization with the biotin-labeled RNA, staining, and scanning of the chips followed the prescribed procedure outlined in the Affymetrix technical manual and has been previously described (60) . The oligonucleotide probe arrays used were the Human Genome U133 Plus 2.0 Arrays, which contain more than 54,000 probe sets representing more than 47,000 transcripts. The array output files were visually inspected for hybridization artifacts and then analyzed using Affymetrix Expression Console version 1.4 using the MAS 5.0 algorithm, scaling probe sets to an average intensity of 500.
Retroviral vectors and cell transduction
Retroviral supernatants encoding CARs were generated using the 293GP cell system, as previously described (14) . For simplification, the Ha1-4.117-28Z and Ha1-4.117-28BBZ CARs (14) were referred to as PSCA-28t28Z and PSCA-8t28BBZ in the present manuscript. PSCA-28t28BBZ contains the same transmembrane and hinge domain as PSCA-28t28Z, followed by cytoplasmic tail of PSCA-8t28BBZ. PSCA-8t28Z contains the same hinge and transmembrane domain as PSCA-8t28BBZ, followed by the cytoplasmic tail of PSCA-28t28Z. PSCA-8tBBZ is composed of the same sequence as PSCA-8t28BBZ, minus the CD28 intracellular moiety. Anti-Her2/neu CARs were generated by replacing the scFv portion of the anti-PSCA CARs with the scFv complementary DNA of the Herceptin-derived CARs described by Zhao et al. (42) . Transduction of T cells with RD114-pseudotyped retroviral vectors was performed on days 2 and 3 after CD3 stimulation, as previously described (61) .
CAR interactome using MS
Anti-PSCA CARs were used as baits to immunoprecipitate interacting partners, which were eluted with 6× Laemmli sample buffer. Immunoprecipitation was performed 14 days after retroviral transduction. Briefly, 20 × 10 6 CAR-T cells (or GFP controls), including both CD8 + and CD4 + T cells, were pelleted and washed thoroughly with phosphate-buffered saline (PBS). Protein extracts were then prepared using an NP-40-based lysis buffer [50 mM tris-HCl, 0.5% NP-40, 100 mM NaCl, 15 mM EDTA (pH 8.0)], supplemented with protease (Roche, no. 04693116001) and phosphatase (Sigma-Aldrich, no. P0044) inhibitors, following the manufacturers' instructions. Samples were sonicated using a Bioruptor (Diagenode, 3 × 8 pulses of 30 s, with 30 s of rest time, at 20 KHz). Samples were then centrifuged at maximum speed in a microcentrifuge at 4°C, for 45 min. Supernatants were used for immunoprecipitation. Protein L Magnetic beads (Pierce, no. 88849) were washed twice with lysis buffer and then added to the protein extracts. The mixture was incubated for 4 hours or overnight at 4°C in a rotator mixer. Immunocomplexes were then recovered using a DynaMag-2 magnet (Life Technologies, no. 12321D). After three washes with lysis buffer, immunoprecipitated samples were processed for SDS-PAGE. Three biological replicates were prepared for each secondgeneration CAR (PSCA-28t28Z), third-generation CAR (PSCA8t28BBZ), or GFP-transduced controls. Samples were reduced with XT reducing agent (Bio-Rad) and heated at 95°C for 5 min. Sample were run on a 10% bis-tris gel at 150 V for 10 min. The stacked gel bands from each lane were excised, reduced with 2 mM tris(2-carboxyethyl) phosphine hydrochloride, and alkylated with 20 mM iodoacetamide. Proteins in each gel band were enzymatically digested with 600 ng of trypsin overnight at 37°C. The peptide mixture from each sample was dried in a vacuum centrifuge and resuspended in 2% acetonitrile (ACN) in water containing 0.1% formic acid (FA).
The peptide mixtures were analyzed using nanoflow liquid chromatography (RSLC, Dionex) coupled to a hybrid quadrupole Orbitrap mass spectrometer (QExactive Plus, Thermo Fisher Scientific) in a data-dependent manner for MS/MS peptide sequencing. Peptide mixtures were separated on a 75 m by 25 cm C18 column (New Objective, Woburn, MA) using a 70-min linear gradient of 5 to 38.5% B over 90 min with a flow rate of 300 nl/min (Ultimate, Dionex). Solvent A was composed of 2% ACN in water containing 0.1% FA. Solvent B was 90% ACN and 10% high-performance liquid chromatography-grade H 2 O containing 0.1% FA. Data analysis was performed using Mascot and SEQUEST, and the Human UniProt database was modified to include the CAR sequences. Both MASCOT and SEQUEST search results were summarized in Scaffold 4.3.4 (Proteome Software, www.proteomesoftware.com). The relative quantification of peptides was calculated using MaxQuant (version 1.2.2.5). Peaks were searched against the Human entries in the UniProt database (20,151 sequences, including the CAR sequence; released August 2015) with the Andromeda search engine (62) . The raw files were processed with the following parameters: including >7 amino acids per peptide, as many as three missed cleavages, and a false discovery rate (FDR) of 0.01 selected for peptides and proteins. Methionine oxidation and peptide N-terminal acetylation were selected as variable modifications in protein quantification. Carbamidomethylation of cysteine and methionine oxidation were selected as variable modifications. Following protein identification and relative quantification with MaxQuant, the data were normalized using iterative rank order normalization (IRON) (63) and imported into Galaxy (64) (65) (66) for analysis with the affinity proteomics analysis tool APOSTL (http:// apostl.moffitt.org) (67) . The data were preprocessed into inter, bait, and prey files and analyzed by SAINTexpress (68) and checked against the CRAPome (69) within APOSTL. SAINTexpress results were further filtered (SaintScore, >0.8), processed, and analyzed in APOSTL's interactive environment. After APOSTL analysis, the data were filtered (MaxP, >0.8) to capture the maximum amount of interactions for STRING network analysis (confidence, >0.9). + and CD4 + populations) were lysed in denaturing lysis buffer containing 20 mM Hepes (pH 8), 1 mM sodium orthovanadate, 2.5 mM sodium pyrophosphate, and 1 mM -glycerophosphate. The proteins were reduced with 4.5 mM dithiothreitol and alkylated with 10 mM iodoacetamide. Trypsin digestion [enzyme-to-substrate ratio, 1:20 (w/w)] was carried out at room temperature overnight, and tryptic peptides were then acidified with 1% trifluoroacetic acid (TFA) and desalted with C18 cartridges according to the manufacturer's instructions (Sep-Pak, Waters). After lyophilization, the dried peptide pellet was redissolved in immunoaffinity purification (IAP) buffer containing 50 mM Mops (pH 7.2), 10 mM sodium phosphate, and 50 mM sodium chloride. Phosphotyrosine-containing peptides were immunoprecipitated with immobilized antiphosphotyrosine antibody pTyr-1000 (Cell Signaling Technology). After overnight incubation, the antibody beads were washed three times with IAP buffer, followed by two washes with deionized H 2 O. The phosphotyrosine peptides were eluted twice with 0.15% TFA, and the volume was reduced to 20 l via vacuum centrifugation.
Tyrosine-phosphorylated peptide pulldown, immobilized metal affinity chromatography enrichment, LC-MS/MS, and data analysis
The remaining peptides from pY enrichment were extracted using SepPak C18 cartridges and redissolved in immobilized metal affinity chromatography (IMAC) binding buffer containing 1% aqueous acetic acid and 30% ACN. The phosphopeptides in each fraction were enriched using IMAC resin (PHOS-Select Iron Affinity Gel, Sigma-Aldrich). Briefly, the IMAC resin was washed twice with binding buffer. The peptides were incubated with the IMAC resin for 30 min at room temperature, with gentle agitation every 5 min. Ten microliters of IMAC resin (20 l of slurry) was added per milligram of starting material. After incubation, the IMAC resin was washed twice with wash buffer 1 [0.1% acetic acid and 100 mM NaCl in water (pH 3.0)], followed by two washes with wash buffer 2 [30% ACN and 0.1% acetic acid in water (pH 3.0)] and one wash with H 2 O. The phosphopeptides were eluted with elution buffer (containing 20% ACN and 200 mM ammonium hydroxide). The volume was reduced to 20 l via vacuum centrifugation.
A nanoflow ultrahigh performance liquid chromatograph (RSLC, Dionex) interfaced with an electrospray bench top quadrupole-Orbitrap mass spectrometer (QExactive Plus, Thermo Fisher Scientific, San Jose, CA) was used for MS/MS peptide sequencing and relative quantification. The sample was first loaded onto a trapping column [2 cm by 100 m inner diameter (ID) packed with C18 reversed-phase resin, 5 m, 100 Å] and washed for 8 min with 2% ACN and 0.04% TFA in water. The trapped peptides were eluted onto the analytical column (C18, 75 m by 25 cm ID, 2-m particle size, 100-Å pore size; Dionex, Sunnyvale, CA). The 90-min gradient was programmed as follows: 95% solvent A (as above or aqueous 2% ACN + 0.1% FA) for 8 min, solvent B (as above or 90% ACN in water + 0.1% FA) from 5 to 38.5% in 60 min and then solvent B from 50 to 90% B in 7 min and held at 90% for 5 min, followed by solvent B from 90 to 5% in 1 min and re-equilibration for 10 min. The flow rate on analytical column was 300 nl/min. Sixteen tandem mass spectra were collected in a data-dependent manner after each survey scan. MS/MS scans were performed using 60-s exclusion for previously sampled peptide peaks.
SEQUEST (70) and Mascot (71) searches were performed against the UniProt human database. Two trypsin missed cleavages were allowed, and the precursor mass tolerance was 20 ppm. MS/MS mass tolerance was 0.05 Da. Dynamic modifications included carbamidomethylation (Cys), oxidation (Met), phosphorylation (STY), and SILAC labeling (K/R). Both Mascot and SEQUEST search results were summarized in Scaffold 4.4. MaxQuant (72) (version 1.2.2.5) and Skyline (MacCoss Lab Software, University of Washington) (73) were used to quantify the relative peptide intensities.
CD3 phosphorylation analysis by LC-MS/MS
For analysis of CD3 phosphorylation in PSCA-8tBBZ samples, total CD3 was immunoprecipitated using a mouse monoclonal anti-CD3 antibody (F3, Santa Cruz Biotechnology) and Protein G beads (Millipore) following the protocol provided by the Santa Cruz Biotechnology. Immunoprecipitates were then separated by SDS-PAGE. A gel slice ranging from 21 to 25 kDa was excised and digested, as described above for CAR interactome studies. LC-MS/MS was performed as described above; to maximize the ability to detect specific peptides, parallel reaction monitoring (or targeted MS/MS) was programmed for the expected charge states of phosphopeptides that had been previously observed in our data or reported in the literature. Sequest and Mascot database searches were used to identify phosphorylated peptides that were manually verified by inspection of mass measurement accuracy and fragment ion matching in the tandem mass spectra. MS/MS spectrum of peptide GHDGLYQGLSTATK: 
Bioinformatic analyses
Gene expression analyses including hierarchical clustering and PCA were conducted using Partek Genomic Suite (Partek Incorporated, St. Louis, MO). Pathway identification was performed with Ingenuity Pathway Analysis (Qiagen). Expression data were normalized using IRON (63) and log 2 -transformed. For group-wise comparisons, a Student's t test was used and a FDR-corrected (74) P value of <0.01 with log 2 mean |FC| > 1 was considered statistically significant. Gene set enrichment analysis (http://software.broadinstitute.org/gsea/) was performed querying the HALLMARK gene sets (75) . These statistical tests and figures were generated using MATLAB 9.2 and Statistics and Machine Learning Toolbox 11.1 (The MathWorks Inc., Natick, MA, USA). For interactome and signalosome analyses, a user-generated list of proteins was used as reference population, including only proteins that were detected by MS in at least one of the samples. For network analysis, high-confidence CAR interactions (SaintScore, >0.8) and substantially altered phosphosites were used to generate a network (STRING). Topological modules were identified using fast-greedy community optimization (76) , and module function was determined using clusterProfiler (77) and visual inspection. Kinase-substrate predictions were done using NetworKIN (http://networkin.info/) (78).
Western blot
Protein content was quantified using the Pierce BCA Protein Assay (Thermo Fisher Scientific, catalog no. PI23227), and protein content was equalized across samples before treatment with Laemmli buffer. The samples were then loaded onto a 4 to 15% gradient gel, ran at 80 V, and subsequently transferred onto nitrocellulose membranes using the Trans-Blot Turbo System. Membranes were blocked for 1 hour at room temperature on a rocker (5% milk or bovine serum albumin in 1× PBS-0.1% Tween 20) . After blocking, the membranes were incubated overnight at 4°C on a rocker with appropriate concentration of primary antibodies against CD3 (F3) (Santa Cruz Biotechnology, catalog no. SC-166275), β-actin (ACTB), glyceraldehyde- ) (Cell Signaling Technologies, catalog no. 2751), and LCK (Cell Signaling Technologies, catalog no. 2752). The next day, the membranes were washed three times for 10 min in 1× PBS-0.1% Tween 20 and incubated with appropriate secondary in 5% blocking solution for 1 hour at room temperature on a rocker. Bands were detected by immunofluorescent secondary antibodies, goat anti-rabbit 680LT (LI-COR, catalog no. 926-68021), and goat anti-mouse 800CW (LI-COR, catalog no. 926-32210) and washed three times for 10 min in 1× PBS-Tween 20. The membrane was dried between filter paper to ensure protection against the light with foil. Membranes were developed by scanning blots with LI-COR Odyssey imaging system using both 700 and 800 channels.
Flow cytometry
Single-cell suspensions were stained with the following monoclonal antibodies against human: CD3 BV421, CD8 BUV396, CD25 BUV737, CD69 PE, and BTLA BV650 (all from BD Biosciences); CD3 Alexa Fluor 700, LAG-3 APCeFluor780, CD152 (CTLA4) PECy7, and CD122 BV421 (all from BioLegend); and TIGIT PerCPeFluor710 and PD-1 PE (from eBioscience), Fab Alexa Fluor 488 (Jackson ImmunoResearch), and Tim-3 PE (R&D Systems). CAR expression on transduced lymphocytes was detected by using biotinylated Protein L (GenScript) and a secondary incubation with Streptavidin PE (BioLegend). Dead cells were excluded on the basis of staining with the LIVE/DEAD Yellow fixable dye (eBioscience) or 4′,6-diamidino-2-phenylindole (BD). For proliferation assays, GFP and CAR-T cells were stained with CellTrace Violet (Invitrogen, C34557; final concentration, 2 M) following the manufacturer's instructions. The staining was analyzed at day 0 by flow cytometry, and then the cells were cultured during 72 hours in T cell expansion medium (X-VIVO media supplemented with AB human serum and IL-2) without further stimulation. Then, cells were collected and stained at surface with anti-CD3 and anti-Fab antibodies. 7-AAD (Invitrogen) was used to exclude dead cells. For phospho-flow staining experiments, unstimulated GFP-or CAR-T cells (day 14) were first stained with LIVE/ DEAD Yellow dye and then surface-stained with anti-CD3 and anti-Fab antibodies for 20 min in ice. Then, stained cells were fixed with Lyse-Fix buffer (BD) for 10 min at 37°C, washed, and permeabilized with Perm Buffer III (BD) for 20 min on ice. Cells were next intracellularly stained with anti-phospho CD3 Alexa Fluor 647 (Tyr 142 , Clone: K25-407.6, BD Phosflow) or antibodies against total CD3 PE (as control, ImmunoTech) for 30 min at room temperature. All samples were acquired using a BD FACSCanto II or a BD LSR II flow cytometers (BD Biosciences) and data analyzed with FlowJo software.
ELISA assays
IFN- were measured by ELISA (BioLegend and Thermo Fisher Scientific, respectively) in coculture supernatants after overnight incubation of CAR-T cells or GFP-transduced T cells (100,000 effectors per well) with PSCA + and PSCA − tumor cell lines (100,000 target per well) or in the absence of tumor cells.
Mouse studies
All animal studies were performed in compliance with institutional regulations on animal use. Procedures were approved by the University of South Florida Institutional Animal Care and Use Committee (protocol R IS00002385). Experiments were performed in the Comparative Medicine Facility, following the protocol described previously (14) . Briefly, 4-or 5-week-old male NSG mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Subcutaneous xenografts were genererated by injection of HPAC cells (2 × 10 6 per mouse). Once tumors became palpable, mice were treated with CD8 T cells expressing GFP, PSCA-28t28Z, or PSCA-8t28BBZ. Untransduced CD4 cells from the same donor were given to each mouse for cytokine support. For gene expression and phenotypic analysis, three mice were treated per group. Preinfusion lymphocytes were stored at the moment of treatment, that is, 2 weeks after transduction. For isolation of postinfusion CD8 + T cells, spleens were harvested and processed using the CD8 MicroBeads (human, Miltenyi Biotech).
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